The effects of pH, dissolved ion content and relative water velocity on the release rate of an antifouling agent, cuprous oxide, from ships' hull paint have been investigated by rotating cylinder tests. Additionally, test paint panels were attached to a vessel and recovered after a certain period of voyage for the validation of the laboratory tests. In the initial period, the release rates are influenced by pH, dissolved ion content and water velocity, but once after a certain period of test, those effects become less significant. These phenomena can be explained when the paint film is fresh, the rate is controlled by chemical reaction, the surface and/or diffusion layer in the water phase governs the rate. After the antifouling substance in the paint film leached out from the near-surface region, a diffused layer (leached layer), that has little antifouling agent remained, is formed at the surface of the coating, and the diffusion in that layer can be a rate-determining process. The development of the leached layer is affected by a balance between the leaching rate of the antifouling ingredient and paint resin determined by the chemical properties and speed of the water. Thus, the leaching rates of antifouling agents are affected by the history of the paint in the water.
Introduction
The deleterious effects from the unwanted accumulation caused by the chemical substances have been much attention as aquatic environmental problems for many years [1] . A significant route of exposure into an environment is entry of antifouling agents into the ocean environment as they are released from paint coatings, and the deleterious effects of the ships' hull paint have been recognised [2] . Therefore, a leaching rate of antifouling agent is a critical parameter for the environmental risk assessment in a calculation of PEC (predicted environmental concentration) values [3] . In order to obtain the PEC values of antifouling agents from ships' hull paints, it is necessary to estimate the leaching rate of antifouling agents from ships particularly when they voyage or berth in a harbour and an inland sea. Therefore, release rates of antifouling ingredients from the coatings of ships' hull are required by a number of regulatory authorises according to ASTM (American Society for Testing and Materials) and the ISO (International Standard Organization) which codify the methods to measure the release rate of an antifouling ingredient into the aquatic environment [4] [5] [6] .
The test method, however, has not yet been validated to reflect the release rate of antifouling ingredients from coatings. Therefore, it should not be used in the process of conducting environmental risk assessments at present. Furthermore, the test method serves only as a guide for characterization of the early stage of the release as well as estimating the steady state leaching rate of antifouling ingredients from coatings. Further, it is stated in ISO (15181-1) that actual release rate of antifouling ingredients from ships' hull paints into the environment will depend on many factors such as ship operating schedules, length of service, berthing, conditions, paint condition, as well as temperature, salinity, pH, pollutants and bacterial effect [7, 8] .
The authors have conducted various test methods related the leaching rate of antifouling agents [9, 10] . As for the rotating cylinder tests, it has been found that D DAVID PUBLISHING the release rate is influenced by pH, dissolved ion content and the rotation speed of test cylinder [9] . However, the leaching phenomena of antifouling agents actually occurring in the ocean are considered to be much different from those observed in the laboratory tests [7, 11] .
In order to investigate the leaching phenomena of the antifouling agents, laboratory and field tests have been carried out to clarify the factors affecting the release rate. In addition, observations of cross-sections of coatings by SEM (scanning electron microscope) were carried out to analyse the leaching mechanisms.
Experiment

Rotating Cylinder Test
Rotating cylinder tests were conducted complying with ASTM, D 6442 [2] . After the test, the cylinder was placed in a holding tank which was filled with S.O.W. The temperature and pH were controlled at 25 °C and 8.2, respectively. At a certain period of the holding interval, the cylinder was transferred from the holding tank to individual measuring container. The test solution of 1,500 ml was controlled at a specified temperature and leaching conditions as a similar manner to those mentioned above. The rotation period of the measurement of the release rate is up to 1 hour. After the measurement, the cylinder was placed back to the holding tank, and the alternate process of immersion of holding tank and the measurement of release rate was repeated. In addition, the standard test conditions were settled at a rotating speed of 60 rpm and a temperature of 25 °C in S.O.W. solution. The release rate was determined by measuring the concentration of copper in the resultant test solution by AAS (atomic absorption spectroscopy).
The Coatings
The tested coatings were commercially available antifouling paints designed as Coating A and Coating B, respectively. The both paints contain cuprous oxide (Cu 2 O) as a main antifouling agent. The chemical compositions of Coatings A and B are shown in Table 1 from the MSDS (Material Safety Data Sheet).
The Leaching Rate of Test Panels Attached on the Vessel
In order to investigate the leaching phenomena in actual sea, the release rate of antifouling agent from the test panels attached on a ship's hull was measured. Flat panels were prepared for Coatings A and B painted on steel plates of 500 mm squares with a thickness of 2 mm. The plates were first sandblasted and then coated with a zinc-rich primer on the surface. Antifouling paints A and B were coated in a similar way as for cylinders. The flat panels of each paint were attached on the center position of bilge keel of the ship, as shown in Fig. 3 . The panels were recovered after a voyage for six months. The release rate was calculated as follows; mass concentration of copper in the paint films was analyzed by X-ray fluorescent spectroscopy, as shown in Table 3 . The thickness of the paint film was measured by a film thickness meter of electromagnetic detection before and after the test. Mass loss was obtained from the thickness reduction using the specific gravity of the paint film, and then mass of the leached copper was calculated.
The Leaching Rate of Static Condition Recovered from Test Panels on the Ship
Another test was conducted to measure the release rate under a static condition for two types of panels with different situations, that is, non-aged panel (for control) and one after voyage for six months, as shown in Fig. 4 .
Before testing, the surface of the latter one was cleaned by tap water. In order to measure the release rate of antifouling agents, the panels were immersed in S.O.W. of 20 L controlled at pH 8.2 at room temperature, and were settled in a horizontal position with a downward direction for the paint surface facing to S.O.W. directly. The test solution was sampled during a given time of immersion (0 hour and every 1 hour, up to 4 hours), and followed by AAS to analyze the concentration of copper. Immersions were conducted up to 10 days, under specified conditions by exchange S.O.W. every day.
The Observation of Cross-Sectional Surface of Test Cylinder by SEM
The test specimens were observed by SEM, as shown in Fig. 5 . After the measurement of release rate for 45 days, the test cylinders were sawed across the paint film to give specimens. The specimens were moulded in resin, and polished. The polished cross-sections were observed by SEM in a back-scattered electron image mode.
Results
The Effects of Rotation Speed of Test Cylinder on the Leaching Rate of Antifouling Agents
The effects of rotation speed of test cylinder varying from 0 rpm to 180 rpm on the release rate are shown in Figs. 6 and 7 , where the variation of the release rate of copper was illustrated as a function of the immersion time. For both coatings, the leaching rate of copper increased gradually with an increase in rotation speed of cylinder in an early stage of immersion up to 25 days. In the case of 180 rpm for both coatings, release rates are almost 4 times higher than those in case of 0 rpm. It should be noted that even in the 0 rpm, copper was released gradually. However, the release rate of copper 
The leached layer
The Paint film layer contained antifouling agents gradually decreased during the immersion after 30 days, where it still remained being affected by the rotation speed of cylinder [12] .
The Effects of pH and Dissolved Ion Species on the Release Rate of Antifouling Agents
The effects of pH and dissolved ion species on the release rate of copper at a rotation speed of 60 rpm are shown in Figs. 8 and 9 for Coatings A and B, respectively. These figures show the variation in the release rate of copper as a function of the immersion time. In the both coatings, low pH (at pH 7) showed a great influence on the leaching rate of copper at the initial stage of immersion period (the first day). It showed almost 10 times higher than other factors with an exception of the case in P.B.S of coating A. However, the release rate of copper decreased significantly at the third day and gradually decreased during the immersion test. The release rate of copper for both coatings showed similar values at a later period of test, e.g., at 28 days, independent of pH and dissolved ion content.
Comparison of Release Rate between Laboratory Test (Rotating Cylinder Test) and Field Test (Flat Panel Test)
The distance of voyage and temperature are shown in Fig. 10 [10, 13] . Generally, the thickness of film decreased more for a longer period of voyage, and the decrease rate of film thickness depended on both the 
The Mechanism of Leaching of Antifouling Agents
The Observation of the Cross-Section of Specimens by SEM
The cross-sections of specimens were observed by SEM. Figs. 13 to 16 show the cross-sectional images of paint films after the leaching tests. In each coating, except for the case of Coating A in P.B.S., a leached layer, where cuprous oxide particles were not present, was observed at the surface of the coating. Thicknesses of the layers with and without copper content were measured on these images. These results are summarized in Table 4 .
The Mechanism of Leaching Rate of Antifouling Agents
In the case of rotating cylinder tests, these phenomena can be explained as follows; in the initial stage of leaching, the release rate of antifouling agents is affected both by the resistance of diffusion in the laminar film and by dissolution of antifouling agents at the interface between the coating and water.
When the copper near the surface has been leached out, remaining polymer forms a skeleton structure as shown in Fig. 13 . 
Conclusion
The authors investigated the effects of chemical and physical properties of water phase by various tests. The conclusion can be summarized as follows:
At the initial period in the rotating cylinder tests, the leaching rates are influenced by pH, dissolved ion content and water velocity, but after a certain period of leaching, those effects become smaller.
It is necessary to control the chemical and physical condition of the aging tank during the aging period of test in which the leached layer was developed.
In the field tests, the leaching rate of copper decreases with increasing test period, and the leaching rates of antifouling agents from Coatings A and B are affected by flow rate of water.
These differences can be largely ascribed to the different hydrodynamic conditions of exposure; the immersed panels have been subjected only to tidal flow, whereas the vessels have alternated between periods under tidal flow at pier-side and active in-service periods at the vessel's operating speed.
The release rate of the cylinder test could be almost equivalent to that of this field test, as the leaching period became long. It is recognized that this investigation may be confined to matters on this experiment of data for copper release rate.
The different phenomena of leaching rate of antifouling agents can be explained by the development of the leached layer, which formed near the surface of coating.
The historical record of the coating in aquatic condition affects the leaching rate of antifouling agents.
